
30305/66 am

CONTRIBUTION OF ION CHANNEL-BLOCKING BY OXIMES TO THEIR
THXRAVPUTIC ACTION AGAINST SOIAN POISONING IN VITRO. J
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ABSTRACT

Oximes, which reactivate inhibited acetylcholinesteraoe (AChE), are
used to treat poisoning by organophosphorum anticholinesteraseo. Some
oxImes produce neuromuscular recovery even when the inhibited AChE has
undergone dealkylation ("aging,) and can no longer be reactivated. It has
been proposed that at least part of this "direct" recovery may be due to
blockade of nicotinic ion channels. I have tested this hypothesis by
comparing the direct racovery produced by a range of these compounds with
their channel-blocking activities.

Direct recovery was measured in soman-poisoned diaphragma from
guinea pigs. Single channel recordings were made from the endplaten of
dissociated adult mouse flexor dLgitorum brevis muscle fibres.

Both oxlmes and non-oxime analogues could produce direct recovery.
The compounds which caused the greatest recovery also produced a vary
rapid, flickering type of open channel blockade. Several parameters of
channel blockade showed strong correlations with the degree of recovery
measured in diaphragms over the range of 12 compounds tested.
Furthermore, dose-response relationship* for direct recovery and channel
blockade were very similar. The results support the suggestion that
ouime-induced n*uromuscular recovery from soman poinoning In vitro in due
to ion channel blockade.
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INTRODUCTION

Oximes are used in the treatment of poisoning by organophosphoruo
anticholinesterases, and are generally believed to exert their therapeutic
effect by reactivating the inhibited acetylcholinesterase (AChE). With some
organophosphorus compounds, particularly soman, the inhibited enzyme rapidly
undergoes a dealkylation rzaction, called aging, to form a complex which
cannot be reactivated by
oximee (Stares, 1976). Some
oximes have been reported to
be effective against soman
poisoning, even after aging TMB--4 41
of the inhibited AChE has T 4
taken place (Stares, 1976;
Hamilton & Lundy, 1989).
Furthermore, similar f
protection against soman has PMX e-. - w
been found with related
compounds in which the oxime
group required for
reactivation is absent SAD- 128
(Stares, 1976; Clement,
1981). These observations
indicate that such compound. Ts
have an additional TOXOG
therapeutic action which is

not related to the
regeneration of AChE. TMB-4-ox

The therapeutic
effects of some oximes
against soman poisoning can
be demonstrated in vitro HI-6
using the guinea pig phrenic
nerve-hemidiaphragm
preparation (Smith at .1.,
1981; French et al., 1983). P65
The neuromuscular recovery
produced in these
experiments is reversed by
washing out the oxime and BPE
thus appears to he due to a
direct pharmacological
action. One possible
mechanism of this effect is HS-6
that the cximas may block
the ion channel associated
with the nicotinic
acetylcholine receptor and PMI
thus counteract the effects
of excessive cholinergic
stimulaticn (Alkondon at LA54
al., 1938; Aikondon LA5
Albuquerque, 1989) In order
to inveotigAte this
possibility, the actions of o2.
a rargq of oximon and P2_)\=T- ,
relat.d c©,mncunds -qre
studied in guina• p_ __ _

S whi~h a~i~nr4 of Figpr 1. Structurer of C undh tested
th1o .crn-inhibtted ACIh' hmd
tak-n vlqcm. V-9
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concentrations tested were similar to
"those achieved in blood plasma following
therapeutic administration in vivo. A. CON(h L
Theme actions were then compared with 0 D e 0
the effects of the same concentration* 4 J
of the drugs on nicotinic receptor ion il
channels in mouse muscle endplates,
studied with patch clamp tochniques. __

i) Phrenic nerve-besidiapbraga ezperi-
seats

Male Dunkin-Hartley guinea pigs - e
were stunned and killed by
exsanguination, and the left and right
hemidiaphragms were removed and prepared
for recording in a similar manner to
that described b; Bu]bring (1946). They
were suspended Tyrode solution and 0 (D e 0
stimulated via the phrenic nerve. The
stimulus intensity was adjusted to f|
produce supramaximal stimulation of the
preparations. Muscle contractions were
recorded from a baseline tension of 4g 0
using an isometric force transducer.

Single twitch responses, elicited
every 10s, were recorded throughout the 0
experiment. Every 15min, a S01it tetanus
was elicited fov a duration of 3. a
Following control tetani, soman (10' 7M)
was added to the tisoue bath for 30min.
The soman was then remo.ved by washing S. r-'a m
and the preparation was left for 30mn -
to allow the inhibited AChX to age Q #AD-ttl
before addition of the test compound. (D 0 e (
The test compound was added to the bath
for 30mn. This was then washed off, a Y30min later a second dose of soman (10 L LL
M) was added to the tissue bath to - - .,. - -
inhibit any reactivated AChE. All -
compounds were tested initially at a
concentration of 

2
00p

M
, this being the

highest blood plasma concentration which
is usually achieved during studies of
oxims therapy in vivo. If a comtprnd
significantly blocked twitch
contractions at this concentration, it
was then touted at lower concentratione.
The compounds tested are shown in Figure - T,

1. ~-
Meuromuscuiar function was 7igure 2. Oximes induce recov-

assessed by measuring the totanic ery in soman-poisoned dia-
tension is into the tetanus. This was
expressed a* a percentage of the mean , phraqrns by a direct action.
three tstani recorded tefore the Graphs show mean - SE for 4
application of sornan. Three ase-cts of preparations. Insets are repre-
neuromuncular recovmry following oxime sentative contractions at the
administration were !,easured as follows: points indicated.
(a) recovery due to direct

7P1
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7iguzo 3. Recovery produced by oximes in guinea pig diaphragm
following sowan poisoning. Solid columns, direct action; hatched
columns, reactivation, open columns, residual recovery. Statisti-
cal significances: *P<0.05; **P<0.01; ***P<0.001.

pha•ru.cological actions of the oxime on the muscle was measured by rubtracting
the response after washing out the oxime from the response before washing; (b)
oxime-induced reactivation of acetylcholinesterase was calculated by
subtracting the response after reinhibition by the second dose of Boman from
the response after washing out the oxim* but before the second application of
noman; (c) the remaining recovery following the second dose of soman was
termed residual recov-ry, since it wee due neither to direct action of the
oxime nor to reactivation of acetylcholinosterame. The residual recovery his
been termed adaptation by Smith et &l. (1931).

ii) Single Chiannel Recordings

The preparation of dissociated adult mouse muscle fibres has been
described previously (Tattersall, 1991). Single channel currents were recorded
in cell-attached patches at or near the endplate region with an Axopatch-iS
aimolifier and analyjed using the programmee pCIkM?, IPROC and LPPOC (Axon
Instru.nnts). Details of the analysis have neon described previcusly
(Tattersall, 1993). Most meaaurements were made at a membrane potential of
-80,V, but the conductance was calculated from maasurmo'ntq of single channel
amplitudes at a number of different mem-brane potentials.

WISULTI AiD DISCUS31O0

Aoolication of soman (100mi) tc the diarhraqn pravarttion blocked the
qu~tainod phale of the t~tanuq, so that all thit r-mained 4kae a brief, reptdly
!.ncayeng contrrc ion (?tgu•r 2). The týnsicn In after the stirt of the tetanus
w~A r ucod to lee thin 5% of its cctrol ,alun by scoan. rn control
mx",rilentv, in which nc oxi•- was ap'lied, the blockade wAg not ro!"Cved by

79,1



washing off the soman, although there was a gradual increase in the tetanic
response over time (Figure 2A). This recovery was not due to spontazseous
regeneration of active AChE, since it was not blocked by a second application
of soman.

A number of the oximes tested, such as PMX, produced a recovery of up to
50% of the tetanic response, by lengthening the decay of the tetanus (Figure
29). Most of this recovery was reversed by washing off the oxime, and waj
therefore considered a direct action of the oxime on the muscle. The remaining
response was not due to reactivation of AChE, as it was resistant to blockade
by a second dose of soman. Similar results were obtained with some of the
compounds which lacked the oxime group, such as SAD-128 (Figure 2C).

The results for all 12 compounds tested are summarised in Figure 3.
LA54, P65 and SAD-128 significantly blocked muscle twitch at a concentration
of 200yM, and so were tested at lower concentrations. None of the drugs
c~used significant reactivation of AChE, and only one of them, P2S, produced a
significant increase in the residual recovery remaining after the second dose
of soman. There was, however, a wide variation between compounds in the degree

* of direct action on the diaphrsqm. The monopyridinium compounds had no
significant direct affect, but many of the bispyridinium drugs and PMX
produced a very marked direct recovery of tetanic tsnsion, up to 30% of the

* control response. These measurements of the direct therapeutic effects of the
compounds were subsequently used for comparison with their channel-blocking
activities.

Single Channels

we Re".. a

F'igire 4. Oximer, block open ion channels. Left panels,
representative single channs.i openings. Right panels, averages of
100 openings. The nembrane potential was -POnV for each patch.



The drugs were tested on single nicotinic receptor ion channels at the
ma"n concentrations which had been used in the diaphragm recovery experiments.
Typical recordings are shown in Figure 4. The left hand trace in each panel is
a representative channel opening. The right hand trace in each panel shows an
enserble current produced by averaging 100 single channel bursts.

The records are arranged in order of increasing direct pharmacological
action measured for each compound in the diaphragm. In control patches and in
the presence of drugs which had no significant direct action, the channel
openings were simple 3quare wave events interrupted by only a few brief
closings, and separated by long silent periods ranging from tens of
milliseconds to several seconds. The noise level of the open state remained
similar to that during tha closed state of the channel. The ensemble currents
in theme conditions decayed according to a single exponential function.

Compounds which had pronounced
direct actions in the diaphragm produced ONOXTAN•
a rapid, flickering block of the -oa'.
channels, so that the openings took the '...
form of bursts of short events. Many of *. Cotrol
the events were too brief to be
completely resolved by the 5kHz . 0 O(FOe
bandwidth of the recording equipment,
and tne apparent amplitude of the single
channel current was smaller than in . - -
control patches. The noise level of the ---
open state was often greater than that
auring the closed state, probably
reflecting the presence of unresolved
brief events. The ensemble currents
obtained in the presence of these drugs I|
showed dual exponential decays and
smaller peak amplitudes than in control
patches. - , . - ,

In order to quantify the channel- - -
blocking properties of the compounds for
correlation with their direct actions, CN Me.,-ýM

seoveral parameters of channel block wermeasured. It was o_.etimes difficult to
measure these accurately due to the ; " .
inccnplat h rosol,,t: n of individual ..
events, and this gave rime to j
considerable scatter in the data.
Nonetheloss, each of these parameters 'o - - a
showed a strong correlation with the " '-=

direct action measured in the diaphragm
experiments (Figure 5). Compounds with L

large direct actions reduced the
conductpnce, mean open time and burst rigure 5. Direct action correlates
open probability of the channeli, and with open channel blozkad.e Filled
increased the mean burst duration and circles, marked by arrows, control
the mean number of events in a burst, values; open circles, raluas in the

presence of oximsS or analogues.
Conceatrstion-Response Pwastionships

If the direct action seen in diaphraqms was indeed rolated to channel
blocking by tno oxi"m-9, the two affects would be exoected to show imrniar
concentraticn dependence. Two of the cc-ipcunds which showed the greatest
a'fects. PMX and SAD-129, were therefori studied further by investt'7jtinq the
actions of different concentratiLons on a n-poisonad di~nhr¶' .and on mingle
chinrmel. iio'r 6 showi cnncqntr~tion-reqr•ne relAtionqhLri obtaiaipd with
PMX. Siznificant r-covory of the disphriq•m due to direct acticn of the oxix-
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appeared at a concentration of 1OO•. In patch clamp experiments, the
threshold concentration for effects single channel parameters was very
similar, between 50 and lO0pM.

With the non-oxime compound, SAD-128, direct recovery appeared at a
lower concentration than for PMX, 20yM, but the concentration-response curve
was less steep than the one for PMX (Figure 7). Significant effects of SAD-128
on all of the single channel parameters measured appeared at a similar
concentration, between 5 and I0MM.

0uMýAAGM •IM E T• Ope# nTw

OCP4NDUcT•f BLMS7 CP9 PACR•aUT CCPADJCTAHME BLOVT 004 PROBASkl1•

SS6. PMX concentration- F i u r 7 S A D 1 2

response re.•ationships, concentrat•ion-response
Significant differences from relationships.. Significant
control values : *P<O. 05 ; differences f rom control
• *P<O. 01; ***P<0. 001. values: *P<O. 05 ; **P<O.0O1;

S**P<0.001.

Relevance to therapeutic and toxic effects

It Is becoming increasingly apparent that mechanisms of action of
pyridinium compounds other than reactivation of Lnhibited AChE can be
'en-f~,Icial in cases of organophomphorus p-oiaoning (Rousseaux & Due, 1989).
F.'1den-v from a nulmivr of atud•ios suggests t~hat these alternative nech-4nisms
are more 'Importint in the treat.ent cji q•a ion ing tha.n q. inat cte
organnphoaphnataa, presumably due to the rApid ag;inq of soman--inhibited AChE
(vqsn Held~en at al., 1991). It bas be.en %uqgg-sted that nicotinic receptors are

~~~~~- - - li I I I II I I I



an important target site (Clement. 1981; Su et al., 1983), and that the
channel-blocking action of oximes may be related to their antidotal properties
against organophosphates (Alkondon at al., 1983; Alkondon & Albuquerque,
1989).

The present study provides strong evidence that the channel-blocking
activity of oximes and analogues doom indeed underlie their ability to produce
recovery of neuromuscular transmission following soman poisoning in vitro. As
pointed out by French at al. (1983), however, these in vitro effects of oximes
on neuromuscular function cannot easily be translated to in vivo effects,
since the neuromuscular recovery does not correlate well with in vivo
protection against soman poisoning. Thus, whilst the channel-blocking activity
of onimes appears to underlie their antidotal effects in the in vitro muscle
preparation, it cannot fully explain their actions against soman in whole
animal protection studies. Other effects may be important, such as ganglion-
blocking and antimuscarinic activities (Clement, 1981), and it has been
suggested that some of the oximes may cross the blood-brain barrier to have
effects on the central nervous system (Rouseeaux & Dua, 1989). It is also
possible that harmful side effects of some compounds, such as those described
for some pyridinium-4-oxime3 (Schoene, 1976), may diminish their beneficial
actions.

Although the therapeutic activity of bispyridinium compoonds against
somen poisoning in still not fully understood, the results presented here
demonstrate how one mechanism of action of these compounds, open channel
blocking, could contribute to their overall antidotal effectiveness. Unlike
competitive antagonists, which prevent channel activation, channel blockers
are able to modulate rather than eliminate nicotinic receptor function. A
competitive antagonist, such as tubocurarine, would counteract the effects of
ACh by preventing activation of a proportion of nicotinic receptors, but the
antagonism could be overcome by increased concentrations of ACh accumulating
at the neuromuscular Junction and competing with the antagonist. Furthermore,
there is a danger that high concentrations of the competitive antagonist would
block neuromuscular transmission completely.

In contrast to a competitive antagonist, a channel blocker with rapid
kinetics, such aq many of the b

4
spyridinium compounds tested here, would

reduce the mean currant flowing through a channel during a burst without
greatly altering the burst length or affecting channel activation. Such an
action would provide an effective counter to the overstimulation of nicotinic
receptors at an andplate subjected to ACh accumulation following inhibition of
AChN. Furthermore, open channel bluckade is use-dependent, so that the
antagonism would become stronger as more channels were activated. In additton,
the rapid cycling of the nicotinic receptor Ion channel between blocked and
open states could serve as an alternative pathway to protect the receptor from
desensitisation (Alkondon & Albuquerque, 1989). A further advantage over
competitive antagonists is that high concentrations of such channel blockers
would be less likely to block tran,'mission completely. By selecting oximeq
with optimal charnel-blocking properties in addition to their other beneficial
activities, it may be possible to improve the effectiveness of current
treatments against woman poisoning.

I am grateful for the generous gifts of toxogonin and HI-6 from Dr. M.G.
Hamilton, and of pyrimidoxime from Dr. M.H. Garrigue.
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